X-ray flares were discovered in the afterglow phase of gamma-ray bursts (GRBs) by the Swift satellite a decade ago and known as a canonical component in GRB X-ray afterglows. In this paper, we constrain the Lorentz factors of GRB X-ray flares using two different methods. For the first method, we estimate the lower limit on the bulk Lorentz factor with the flare duration and jet break time. In the second method, the upper limit on the Lorentz factor is derived by assuming that the X-ray flare jet has undergone saturated acceleration. We also re-estimate the initial Lorentz factor with GRB afterglow onsets, and find the coefficient of the theoretical Lorentz factor is 1.67 rather than the commonly used 2 for interstellar medium (ISM) and 1.44 for the wind case. We find that the correlation between the limited Lorentz factor and the isotropic radiation energy of X-ray flares in the ISM case is more consistent with that of prompt emission than the wind case in a statistical sense. For a comparison, the lower limit on Lorentz factor is statistically larger than the extrapolation from prompt bursts in the wind case. Our results indicate that X-ray flares and prompt bursts are produced by the same physical mechanism.
Introduction
Gamma-ray bursts (GRBs) are the most luminous explosive events in the Universe. It is well known that the observed gamma-ray emission are produced by relativistic outflows. The fireball of a GRB is required to have a relativistic speed toward the earth in order to avoid the "compactness problem". The Lorentz factor of the fireball increases with radius in the radiationdominated acceleration phase. At the end of this phase, the fireball enters the matter-dominated coasting phase, which maintains a constant Lorentz factor (for reviews see Piran 1999; Zhang & Mészáros 2004; Mészáros 2006; Kumar & Zhang 2015) . The Lorentz factor in the matterdominated coasting phase, called the initial Lorentz factor, is a crucial parameter in understanding the physics of GRBs. There are several methods to constrain this initial Lorentz factor Γ 0 , but the most effective method is that the peak time of a GRB early afterglow onset is taken as the deceleration time of the outflow. An estimation of this initial value is possible by measuring the peak time of the afterglow light curve and the prompt isotropic energy E γ,iso (e.g., Molinari et al. 2007 ). This method was successfully applied in Liang et al. (2010) with a large sample of the early afterglow light curves. Liang et al. (2010) discovered a tight correlation between Γ 0 and E γ,iso . In this paper, we re-estimate the initial Lorentz factor of GRBs in the ISM and wind cases, and also obtain a tight correlation between Γ 0 and E γ,iso . The Γ 0 and E γ,iso correlation in the wind case is even more tighter than that of the ISM case.
X-ray flares are common phenomena in GRB X-ray afterglows in the Swift era. According to the temporal behavior and spectral properties of X-ray flares, it is widely argued that X-ray flares are produced by long-lasting central engine activities (Burrows et al. 2005; Ioka et al. 2005; Fan & Wei 2005; Falcone et al. 2006; Zhang et al. 2006; Wang & Dai 2013) . It is generally believed that X-ray flares have the same physical origin as the prompt emission of GRBs. X-ray flares usually happen at ∼ 10 2 − 10 5 s after prompt emissions, transferring a large percentage of the outflow energy to the radiation. Most of the methods proposed to constrain the initial Lorentz factor of GRBs are not suitable for X-ray flares. Since the fluence of most X-ray flares are smaller than the prompt emission, their energies and Lorentz factors are supposed to be smaller than those of GRBs. In this paper, we use two different methods to place limits on the Lorenz factor of X-ray flares. In Section 2, we introduce the method to estimate of the initial Lorentz factor Γ 0 of GRBs. The two methods of constraining the X-ray flares Lorentz factors are shown in Section 3. Sample study are presented in Section 4, and our results are summarized and discussed in Section 5. A concordance cosmology with parameters H 0 = 71 km s −1 Mpc −1 , Ω M = 0.30, and Ω Λ = 0.70 are adopted. Notation Q n denotes Q/10 n in the cgs units throughout the paper.
Estimating the Initial Lorentz Factor
When a relativistic fireball shell sweeps up the circumburst medium, two shocks appear: a reverse shock propagating into the fireball shell, and a forward shock propagating into the ambient medium. We suppose that the fireball shell and two shocks are spherical. Physical quantities denoted by "′" are defined in the co-moving frame. We divide this two-shock system into 4 regions (Sari & Piran 1995; Yi et al. 2013 ): (1) The unshocked ambient medium (n 1 , e 1 , p 1 , Γ 1 ), (2) the shocked ambient medium (n
, and (4) the unshocked fireball shell (n ′ 4 , Γ 4 = Γ 0 ), where n is the number density, e is the internal energy density, p is the pressure, and Γ is the bulk Lorentz factor. Hereafter we calculate the properties of the reverse shock emission at the radius R × , where the reverse shock finishes crossing the ejecta shell and the Lorentz factor of the shell is Γ × .
The assumptions of the equilibrium of pressures and equality of velocities along the contact discontinuity lead to p ′ 2 = p ′ 3 and Γ 2 = Γ 3 , respectively. With the jump condition for the shocks and the equilibrium of pressures, we can obtain,
The Lorentz factor of the reverse shock Γ 34 could be approximated as
as long as Γ 3 ≫ 1 and Γ 4 ≫ 1. Substituting Equation (2) into Equation (1), we can obtain the following equation
Because Γ 3 ≫ 1 , Γ 4 ≫ 1 and Γ 4 ≥ Γ 3 , we ignore the constant 1/2 term in the Equation (3) and thus we can obtain the solution of this equation (ignoring the negative solution, also see Panaitescu & Kumar 2004 )
Here we obtain the relation between the Lorentz factor of shocked fireball shell Γ 3 and the initial Lorentz factor Γ 0 (Γ 4 ), which depends on the ratio of these two comoving densities. The number density of the ambient medium is assumed to be n 1 = AR −k (Dai & Lu 1998; Mészáros et al 1998; Chevalier & Li 2000; Wu et al 2003 Wu et al , 2005 Yi et al. 2013) , such a circumburst medium is a homogeneous interstellar medium (ISM) for k = 0, and a typical stellar wind environment for k = 2. The fireball shell is characterized by an initial kinetic energy E k , initial Lorentz factor Γ 4 , and a width ∆ in the lab frame attached to the explosion center, so the number density of the shell in the comoving frame is n
). The ratio of the comoving number density of the relativistic shell n ′ 4 to the number density of the ambient medium n 1 defined in Sari & Piran (1995) is
2 ). The difference between the lab frame speed of the unshocked fireball shell and that of the reverse shock is (Kumar & Panaitescu 2003) ,
Considering the thin shell case △ ≃ R/(2Γ 2 4 ), we can calculate the radius R × where the reverse shock finishes crossing the fireball shell,
The substitution of Equation (5) and (6) into Equation (7) leads to
So the comoving density ratio at R × is
Substituting Equation (9) into Equation (4), we can obtain the Lorentz factor of the reverse shock as it finishes crossing the shell
Therefore, the relation between Γ × and the initial Lorentz factor Γ 0 is
and
For the thin shell case, the reverse shock crossing time T × is almost corresponding to the deceleration time T dec , .i.e, T × ∼ T dec . Therefore, we can derive the initial Lorentz factor in the ISM and wind type cases (also see Panaitescu & Kumar 2004 ). For k = 0 (ISM),
and for k = 2 (wind),
With the isotropic-equivalent energy E γ,iso and the peak time of the afterglow onset t p,z , we can estimate the initial Lorentz factor of GRBs, where t p,z = t p /(1 + z). Liang et al. (2010) discovered a tight correlation between Γ 0 and E γ,iso using 20 GRBs which show deceleration feature in the early afterglow light curves. Other work also confirmed this correlation, but with different methods and power-law indices (Ghirlanda et al. 2012; Lü et al. 2012) . Using the data of t p,z and E γ,iso from Liang et al. (2010 Liang et al. ( , 2013 and Lü et al. (2012) , we re-constrain the initial Lorentz factor, and also discover a tight Γ 0 and E γ,iso correlation for the ISM and wind cases. The Γ 0 and E γ,iso correlation in the wind case is even more tighter than that in the ISM case, as shown in Figs. 4 and 5.
Methods of Constraining the Bulk Lorentz Factor of X-ray flares
Because most of the models estimating the bulk Lorentz factor during the GRB prompt emission phase are inapplicable for the X-ray flares, we introduce two methods to constrain the upper and lower limits on the Lorentz factor of X-ray flares in this section. In principle, GRB outflows could be structured, but we suppose that the outflows are conical (also called jet-like) and the half-opening angles of the outflows have a same/constant value in a single GRB, i.e., the halfopening angle of the X-ray flare jet is the same as that of the prompt jet in one GRB. Therefore, we suppose that each X-ray flare is produced in a conical uniform jet with half-opening angle θ j . If there are several flares in one X-ray afterglow, we also assume these X-ray flares have the same jet half-opening angle θ j .
Method I: Lower limit on the Lorentz factor of X-ray flares. We use the late internal shock emission model to constrain the lower limits of the Lorentz factor of X-ray flares (Wu et al. , 2007 . The quick decline of X-ray flares after the peak time is widely interpreted as the high latitude component of X-ray pulses (Burrows et al. 2005; Tagliaferri et al. 2005; Zhang et al. 2006; Nousek et al. 2006; Liang et al. 2006) . Wu et al. (2007) supposed that emission from the same internal shock radius R int but with different angles would have different arrival times to the observer, which is due to light propagation effect. The delay time of different photons with different θ (θ < θ j ) is
If photons are emitted at an angle θ = θ j , then the delay time ∆T is about the duration time of the X-ray flare. We denote the timescale of the decay part of an X-ray flare by T decay . We could put forth a constraint on the decaying timescale of the flare and the jet-opening angle, i.e.
-6 -Another timescale is the angular spreading variability time T rise , which is the rise time of an X-ray flare,
Combining the decaying timescale and rising timescale, we could get a lower limit on the Lorentz factor of each X-ray flare,
With the jet opening angle θ j , decaying timescale and rising timescale, we can constrain the lower limit of the Lorentz factor of each X-ray flare. The jet half-opening angle θ j can be estimated from the late afterglow of a GRB if there is a jet break in the afterglow light curve. So, we selected GRBs which have jet breaks and flares in the X-ray afterglow light curve in our sample. The sample is listed in Table 1 .
Method II: Upper limit on the Lorentz factor of X-ray flares. The physical mechanism of Xray flares is still unclear. X-ray flares are known to be similar to those of prompt emission pulses through studying of the temporal behavior and energy spectrum (Chincarini et al. 2010) . We generally consider X-ray flares having the same physical origin as the prompt emission of GRB, and they are all due to the long-lasting activity of the central engine (Fan & Wei 2005; Zhang et al. 2006) . But there is still controversy about the origin of X-ray flares of GRBs. X-ray flares of short GRBs can be produced by differentially rotating, millisecond pulsars from the mergers of binary neutron stars . Magnetic reconnection-driven explosions lead to multiple X-ray flares minutes after the prompt GRB. Wang & Dai (2013) performed a statistical study of X-ray flares for long and short GRBs, and found energy, duration, and wait-time distributions similar to those of solar flares, which indicates that X-ray flares of GRBs may be powered by magnetic reconnection. According to the standard GRB fireball model, after the initial radiation-dominated acceleration phase, the fireball enters the matter-dominated "coasting" phase (Piran 1999; Mészáros 2002; Zhang & Mészáros 2004) . Whether the fireball is baryon-rich or not determines how long is the initial radiation-dominated acceleration phase. If the fireball is baryon-poor, the initial energy of the fireball will be quickly converted into radiation energy and produce bright and brief thermal emission, which is inconsistent with most of the observations. The spectra of X-ray flares are typically non-thermal, with a photon index of about ∼ −2.0 (Falcone et al. 2007 ). This suggests that X-ray flares happen when the jet is optically thin. Meanwhile, thermal emission just before any X-ray flare with compatible flux has never been detected, indicating that the jet responsible for the flare attains saturated acceleration. This requires baryon loading in the jet to be large enough, or that the Lorentz factor has an upper limit. On the other hand, the upper limit on the Lorentz factor of an X-ray flare can be estimated as (Jin et al. 2010 )
which depends on the total luminosity L and initial radius R 0 of the flare outflow. Jin et al. (2010) assumed that the observed X-ray flare luminosity is just a fraction (ǫ x = 0.1) of the total luminosity of the outflow, that is L x = 0.1L (also see, Fan & Piran 2006 ). R 0 is taken to be 10 7 cm, which is comparable to the radius of a neutron star. R 0 = 10 7 cm is a conservative value, in some cases, R 0 is taken to be ∼ 10 8 cm or even larger (Pe'er et al. 2007 ). With the proper values, we are able to get an upper limit on Γ x . In our sample, L x is taken as E x,iso /T 90,x , where E x,iso and T 90,x are the isotropic energy and duration time of one flare respectively. The redshift of those GRBs in our sample are all measured, the isotropic 0.3 -10 keV energy of the X-ray flares in the sample can be estimated from the fluence as
where S x is the fluence of an X-ray flare.
Case Studies
Our method for placing lower limits on the Lorentz factor is feasible if the X-ray light curve presents flare and jet break simultaneously. Our sample consists of 20 GRBs with X-ray flares, redshift and jet break time (Falcone et al. 2007; Chincarini et al. 2010; Bernardini et al. 2011; Lu et al. 2012) . Some of them have several flares in one GRB. The total number of X-ray flares is 43. We assume that the opening angle is the same for the jets responsible for prompt emission and late X-ray flares in a single GRB. According to the appearance time of X-ray flares, we mark the corresponding numerical order, which can be seen in the Table 1 . The T rise , T decay , S x , and T 90,x of each flare are reported in Falcone et al. (2007) , Chincarini et al. (2010) and Bernardini et al. (2011) . θ 
where E k,52 is the initial kinetic energy of the fireball shell in units of 10 52 ergs, t days is the observer's time in units of days, A = .
M w /4πV w = 5 × 10 11 A * g cm −1 is the wind parameter, .
M w is the wind mass-loss rate, and V w is the wind velocity. Because the jet break effects are considered when
j , so Equation (21) 
where η is the efficiency of prompt GRBs and A * = 1 adopted in this paper. The jet half-opening angle in the interstellar medium case could be described by (Sari et al. 1999; Rhoads 1999; Frail et al. 2001; Yi et al. 2015) ,
The distribution of jet half-opening angles for the ISM and wind cases is shown in Fig 1. We assume that X-ray flares are coming from relativistic jets. The tail of an X-ray flare is interpreted as emission from high latitude areas of the jet. The duration of the flare is determined by the half-opening angle of the jet through the curvature effect. With the jet half-opening angle θ j estimated from the jet break time, decaying timescale and rising timescale of the flare, we can obtain the lower limit on the Lorentz factor of the flare via Equation (18). The upper limit on the Lorentz factor is determined by the total luminosity and initial radius of the outflow. The observed average luminosity is obtained from the isotropic 0.3 -10 keV energy of the X-ray flare averaged by the duration time of the flare. The total luminosity of the flare is assumed to be 10 times of the observed X-ray luminosity. As already mentioned, the initial radius of the outflow R 0 is taken as 10 7 cm. The obtained limits on the bulk Lorentz factor of X-ray flares range from tens to hundreds, as can be seen in Fig 2 and 3 . We find that in the ISM case the correlation between the Lorentz factor and the isotropic radiation energy of X-ray flares is almost consistent with that of prompt emission of GRBs (Fig 4) . However, in the wind case the lower limit on the Lorentz factor is statistically larger than the extrapolation from prompt bursts (Fig 5) .
Discussion
X-ray flares are common features in GRB X-ray afterglows, and most of them have occurred at the early period. We can conclude that all the flares in our sample occurred before the jet break, which can be seen from the Table 1 . Here, we define f = θ j, γ /θ j, x , where θ j, x is the half-opening angle of the X-ray flare jet while θ j, γ is the half-opening angle of the jet responsible for prompt emission. If f = 1, one suggests that the jet may be conical and the flare jet and prompt emission jet have the same half-opening angle as we discussed above. The jet opening angle might be larger during the prompt emission and smaller for the X-ray flares, i.e., f > 1, which has been predicted in some models with magnetic-dominated jets (Levinson & Begelman 2013; Bromberg et al. 2014) .
In this case, the lower limit of flare Lorentz factor would be larger than that estimated with Eq. (18) assuming θ j, x = θ j, γ . The corresponding lower limits on X-ray flare Lorentz factor in Figs. 4 and 5 will increase by a factor of f , making the X-ray flares possibly more inconsistent (especially for the wind case) with the extrapolation of the correlation between isotropic radiation energy and Lorentz factor of prompt emission of GRBs. On the other hand, although several observations suggest that in some GRBs the ejecta may have large scale magnetic fields and therefore the ejecta could be magnetized, the degree of magnetization is usually estimated as σ < a few in the afterglow phase. So in this paper we assume that for simplicity GRB jets have negligible magnetization, and the outflows have same half-opening angle ( f = 1) in one GRB.
In addition, the fluence of most X-ray flares are smaller than that of prompt emission, their energies and Lorentz factors are supposed to be smaller than those of GRBs. The initial Lorentz factor of GRBs in this paper is generally larger than a few hundreds, and it is always larger than the lower limits of X-ray flare Lorentz factor in the same GRB. In Fig 6, we plot 5 GRBs having prompt and flare Lorentz factors, GRBs 050820A, 060418, 060906, 070318, and 071031. The initial Lorentz factors of these 5 GRBs are generally much larger than the lower limits of the Lorentz factor of their X-ray flares, and usually smaller than the upper limits of flare Lorentz factors.
Conclusion
The initial Lorentz factor is a key parameter to understanding the GRB physics. In this paper, we have re-estimated the initial Lorentz factor in a more accurate way. From Equation (13), we obtain a coefficient 1.67 for the ISM case, instead of 2 adopted in previous literature. We also constrain the initial Lorentz factor in the wind case, which is shown as Equation (14). With the estimated initial Lorentz factors in this paper, we confirm the tight correlation between the initial Lorentz factor and isotropic energy of GRBs for the ISM case. There is an even tighter correlation between the initial Lorentz factor and isotropic energy of GRBs for the wind case.
Our sample consists of 20 GRBs with X-ray flares, whose redshifts and jet break times are known. Some of them have several flares. The total number of X-ray flares in our sample is 43. We assume that the half-opening angle is the same for the jets responsible for prompt emission and late X-ray flares in one GRB. Our results are shown in Fig 4 (ISM) and Fig 5 (Wind) , which also show the correlation between isotropic radiation energy and the Lorentz factor of prompt emission of GRBs. The obtained limits on the bulk Lorentz factor of X-ray flares range from a few tens to hundreds, together with the isotropic radiation energy, are generally consistent with the correlation for prompt GRBs for the ISM case. Our results indicate that X-ray flares and prompt bursts may be caused by the same mechanism, as both are produced by the long-lasting activity of the central engine. However, in the wind case the lower limit on Lorentz factor is statistically larger than the extrapolation from prompt bursts.
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